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The geometry and energetics of the unreconstructed tineaygen-terminated (100), (010), and (110) sur-
faces, the tin-terminated (111) surface, and the stoickiom(001) surface of rutile-Snare investigated.
Total energies and relaxed atomic geometries are caldulaitdin density functional theory using the local
density approximation (LDA). We conclude from these restiiat the (110) and (100) surfaces are most stable.
Their termination depends on the experimental situatiohilewunder oxygen-rich preparation conditions the
oxygen termination is preferred, reduced surfaces are hheig to occur in the oxygen-poor limit. In addition,
electronic band structures and densities of states aralagdd using a recently developed approximate quasi-
particle approach, the LD/%— method. All but the SnO-terminated (110) surface are foorfaktinsulating and
O- or Sn-derived surface states appear in the projecteditmtlamental gap. While the surface barrier heights
vary by more than 2 eV with orientation and termination, wel timat the energetically favored surfaces tend to
give the lower ionization energies.

PACS numbers: 68.35.bg, 68.35.Md, 73.20.At, 79.60.Bm
Keywords: tin dioxide, surface energies, surface thermadyics, surface relaxation, band structure, ionizatiergn

I. INTRODUCTION compounds such as 8Bz or Sr0,4.1°

Even though numerous experimeRtat* as well as first-

Transparent conducting oxides have attracted much atteprinciples studie$?1-25?*have been carried out for surfaces
tion due to their exceptional physical properties and a-variof SnQ,, several open questions remain. While the oxygen
ety of possible application’s?> They form a class of materi- terminated (110) surface is generally considered to be the
als that are highly transparent for light in the visible atd u most stable one, the energetic order of surfaces with difiter
traviolet spectral range and that are highly conductivéaat t orientation is still being debaté®:?® In addition, in experi-
same time. One particularly interesting representatiinis ments also the preparation conditions (e.g. the oxygerapart
dioxide (SnQ) which has been known for one century as thepressure) play an important réfeas they influence the surface
mineral cassiteriteor simply as stannic oxide. SpQrys-  termination. For instance, at high oxygen partial presstive
tallizes in the rutile it) structure [space group4,/mnm or  1x1 termination of the stoichiometric Sn(110) surface is
D7 (SG 136)] under ambient conditiofé.Films of SnQ  preferred over reduced surface phases suckashd 4< 124
are widely used for transparent electrodes in optoeleispn Other surface orientations seem to maintairxd teconstruc-
for instance in solar cells or display devices, but also fis g tion also under reducing conditioR$hence, we focus on un-
sensing applications.’ In this context, especially the high ef- reconstructed surfaces in this work. While for a systematic
ficiency of antimony doping has proven to be beneficial andotal-energy study, the influence of the preparation caot
is known for year$1! In addition to the large fundamental can be simulated by taking the oxygen chemical potential int
band gap, also the static dielectric constant of Sigdarge, account:®29this has only been done in Ref. 29 for the calcu-
which renders this material interesting for the next-gatien  lation of the surface free energies for different termioasi of
gate oxides for Si-based electronic devites the low-index (001), (100), (010), and (110) surfaces. Wnfo

Despite many years of research, several properties oﬁsmjunately, an explanation of the findings in terms of the resul
are still being subject of current investigations, for amste, ing electronic structure and the arrangement of lone pairs i
the coexistence of unintentionatdoping and the optical still missing.

transparencl?** as well as the non-stoichiometty.Only In general, little is known about the electronic structures
recently a value for the fundamental gap |&f ~ 3.6 eV,  egpecially of the non-stoichiometric surfaces: While plest
as derived from two-photon absorption measuremthtsas  mission spectroscopy (PES) studiés23focus on the (110)
reconciled’ with the observation that the optical absorption surface of Sn@, previous theoretical work&26-28 suffer
edge occurs about 0.7 eV higher in energy. from the significant underestimation of the fundamentakgap
While it is known that tin atoms form a body-centered (by more than 2 eV) that can be attributed to the use of den-
tetragonal sublattice in SpQvith six oxygen atoms being co- sity functional theory (DFT). In addition, also the surfare
ordinated to each Sn atom, the Sn cation allows for a duatrgy barriers for the emission (ionization energy) or the es
valence which facilitates a reversible transformatiofi'Sas cape (electron affinity) of electrons are not well underdtoo
Sr¢t. The Sn atoms in SnQare quadrivalent, but also meta- (see Ref. 30 and references therein). The theoreticaligescr
stable SnO (with divalent Sn atoms) exists in the lithargetion can, in principle, be improved by a quasiparticle (QP)
structure. The possibility of Sn being either“Sror Sr¢t approach that properly accounts for the excitation aspect o
may cause a variety of surface structdPesnd homologous PES experiments. However, a full QP description is computa-
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tionally very expensive. separation parametes = 0.15 a.u*®), has proven to provide
In this article, we present a detailed study of the stabilitya reliable starting electronic structure for calculatirig €ner-

and the energetic ordering of the low-index surfacestef gies by means of one step of perturbation theory.

SnQ, based on DFT calculations of the total energies for the This so-called HSE®W, schemé&243to calculate QP en-

relaxed surface geometries. The Lljfschemél is used to  ergies is computationally very demanding and, hence, ibis n

calculate approximate QP energies in order to describe sufeasible to apply it to the large surface unit cells desctibe-

face bands and electronic states. The theoretical and irumetow that contain significantly more atoms than the unit ciells

cal methods are described in SHcWe discuss surface ener- the bulk case. Consequently, for surface supercells aroappr

gies and geometries in Sd¥. and the surface band structures imate treatment of the QP effects is inevitafién this work

are analyzed together with ionization energies and electrowe apply the recently developed LD%\method?1 which is

affinities in SecV. Finally, a brief summary and conclusions based on the idea of Slater’s transition st&te! The QP self-

are given in Secvl. energy effects are simulated by a hole excitation with an ex-
tent that is characterized by a radius parameter called CUT.
Following the maximization procedure described in Ref. 31,

Il.  COMPUTATIONAL METHODS we obtain CUT=1.0 a.u. (Sn atoms) and 2.25 a.u. (O atoms)
for the pd-like hole excitation with 50% @ character and
A. Ground-state calculations 50 % Snd character.

The influence of spin-orbit coupling on the band dispersion
Total energies are computed by means of the #ithin was found to be negligible for bulk Sp& as well as for the
the local density approximation (LDA} Exchange and cor- surfaces studied in this work, hence, all calculations \pere
relation (XC) are described using the results of Ceperlely anformed without taking this relativistic effect into accdun
Alder®* as parameterized by Perdew and ZunjeFhe cal-
culations are carried out using the VienAb-initio Simula-

tion Package (VASP}®3” To describe the electron-ion inter- C. Surface modeling
action and the wave functions in the core region, we apply
the projector-augmented wave metti8d The Sn4l, Sn 5, In this work, the relaxed (100), (110), (001), and (111)

Sn5 as well as the Oand O D electrons are treated as surfaces are simulated using the repeated slab method (see
valence electrons in our calculations. Between the cohes, t e.g. Ref. 52) for the bulk-determined, unreconstructed {J,
wave functions are expanded into plane waves up to a cutateral two-dimensional (2D) unit cells. In the notation
off energy of 400 eV. In the case of bulk Sp@e Brillouin  (hkl)s, 0., the (hkl) are the Miller indices of the respective
zone (BZ) integration is replaced by a sum ovex 6x9  surface; the numbens andm are used to describe the ratio
Monkhorst-Pack (MPY points. For the surface calculations (n/m) of Sn and O atoms in the surface unit cell for the differ-
we use 6< 6 x 1 MP points for the (001) and the (111) surface ent terminations. The atomic geometries and the correspond
and 9x 6 x 1 MP points in all other cases. ing slabs are shown in Fi@ and discussed in detail in Sec.
In order to determine the equilibrium atomic geometries,|v .
we use a conjugate-gradient algorithm to relax the position Adopting the stoichiometry of the bulk crystal also for
of the atoms until the forces are smaller than 5 deWWhile  the material slab can lead to asymmetric structures where
the ions in the center layers of the surface slabs are kept fixahe surfaces on the upper and lower slab differ. For non-
at their bulk positions, the outermost two [for surfaceshwit stoichiometric surfaces the different surface chargeiteas
(100) orientation] or three (all other surfaces) atomicelay cause a dipole potential that is obviously non-physical for
on each side of the material slab are relaxed. real structures. It is possible to correct for this artificia
dipole moment by adding a linear electrostatic potentithe
calculations)® however, the use of non-symmetric slabs has
B. Electronic-structure calculations another disadvantage: Since both surfaces of non-symumetri
slabs are different, it is impossible to calculate surfawere
Modern QP approaches to calculate electronic band struaies. For these reasons, we stgglynmetricslabs in this work,
tures are based on an iterative solution of the QP equatisn, usimilar to other author& The non-stoichiometry that results
ing, for instance, Hedin’&W approximation for the XC self- for the symmetric slabs for the (1Q) the (11030, the fur-
energy of the electrons, witB describing the single-particle ther reduced (11@),0, and the (111g, surfaces is presumed
Green’s function andV the screened Coulomb potentfal. to be negligible due to the large number of atoms in each of
For computational reasons, the fully self-consistenttsmiu  the supercells. For these symmetric slabs, no dipole correc
of the QP equation is usually replaced by a perturbative aptions to the electrostatic potenfidlare needed and, in addi-
proach that corrects a starting electronic structure (eigle  tion, it is possible to calculate also the correspondinfpser
ues and eigenfunctions) which already resembles the finanergies.
QP solutior*243 |n the case of oxid€** as well as nitride In each case we checked that the material slab is thick
semiconductoré>*8the solution of a generalized Kohn-Sham enough to converge the surface eneggwithin a range of
equation with a spatially non-local XC potential, e.g. tieo  less than 5 meMA2. We checked that our supercells contain a
derived from the hybrid HSE06 functiorfal(using a range large enough vacuum region by ensuring that the electiostat
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potential shows a flat plateau inside the vacuum. Addition+or stoichiometric slabs of SnQit holds Ns,+ No = 3Nsp
ally, we checked that the ionization energy was converged tand Eq. 8) reduces to
within a range of less than 5 meV.

1
Y= oA Eslan(Nsn, No) — NSnI"gHIC%J : (4)
D. Surface classification

The pressure dependence of the chemical potential is negli-
Sincert-SnG; is a material with strong ionic bonds the gible for solids and, in addition, we assume that also the tem
ideal low-index surfaces are governed by the electrostatic perature dependence of the small lattice-vibration cbudri
ergy. Assuming that the bonded Sn and O atoms can be cotien is negligible. In this case, we can identj g'& with the
sidered as point-charge-like ions, Wesclassn‘y the 58O~ (55 energyEpn (per formula unit) calculated within DFT.
faces following the scheme of Taskér> The range of the oxygen chemical potential is determined by

: SnGg . . .
(i) Type- surfaces involve a sequence of neutral ionicth® heat of formatiodH,"" of bulk SnG which is defined

planes; surfaces that are formed by these planes af he energy gain related to the formation of 3fiom bulk

non-polar. elemental Sn and molecular oxygen, i.e.,

(i) Type-ll s_urfaces are c_haracterize(_j by a sequence of AHfS”Oz - H§|n+ ugzol_ Hksjglck)- (5)
charged ionic planes with no electric dipole momentin
the slab.

Setting the energy zero %Eg*;', the oxygen chemical poten-

(iii) Type-lll surfaces are characterized by a stacking oftial varies in the range
charged ionic planes, leading to a net dipole in the slab
and, therefore, polar surfaces. Since we study onl 1  .sn Sn 1 1o
symmetric surfacpes in this work, none of them is o¥typey B EAH" >< Ho - EEOZ <0. )
[l
The lower bound describes oxygen-poor conditions (i.e. Sn-
fich conditions withug! = uS"%), while the upper bound
E. Surface thermodynamics refers to oxygen-rich conditions.
In this work, we computed total energiesgff ;"= —4.24
The stability of the surfaces is characterized by the serfacey (¢-Sn; diamond structure with= 4.489A57) andEfL;in:
energyy, \_/\{hich, in general, depends on the sur_face prepara- 3 71 ev (3-Sn; space groupdi/amd witha = 5.832 A57
tion conditions. Using the Planck grand canonical poténtia 5,qc — 3.181,&57) for the two bulk phases of Sn. We com-
which depends on the chemical potentials of fig*) and puted these values within DFT-LDA using a ¥22 x 12k-
oxygen QS"Q) in bulk SNQ, y can be written for symmetric  point mesh, a plane-wave cutoff of 450 eV, and spin-orbit cou
surfaces a§:29:52,56 pling was taken into accouft.
For the total energy of the oxygen molecule we computed
Esian(Nsn, No) — NsnttSh% — NopS™®). (1)  ES'= —10.546 eV, using a supercell with an edge length of
15A. Using these values and the total energy of Sii§ee
Here,Ais the surface area of one surface of the slab. The toSec.lll), we find a heat of formation ciH;"% = 6.32 eV
tal energy of the slatfgan(Nsn, No), is approximated by the (a-Sn)or 6.85eV-Sn). These values are similar to other re-
DFT total energy, andls, (No) describes the number of tin sults of 6.342 eV [computé8using DFT and the generalized-
(oxygen) atom® in the unit cell. We investigate surfaces that gradient approximation (GGA)], 6.77 eV (L3A), and 5.5 eV
are in equilibrium with the underlying bulk substrate, ther (GGAZ2°). The experimental value is about 5.6 %¥\or 5.98
fore, the chemical potentials of the two elements are relateeV.%°

to each other by the chemical potential (per formula unit) of - The cohesive energy is defined as the energy difference be-

1

y= ﬂ[

the SnQ bulk material L&\ , via tween the bulk substrate and the total energies of the atoms
in their respective spin-polarized ground state. We catedl
,J;?OZ + zuS”Q - u%. (2)  the atomic energies to g, = —0.375 eV andEp = —1.489

eV, hence, the cohesive energy of bulk $Sni® given by

In this work we want to study the surface energies as a funcEch‘hQ = Esn+ 2Eo — E&;2" = 17.75 eV. The cohesive energy

tion of the oxygen chemical potential. In this case, inserti of 1k Sn amounts tELSN =411 eV andEfofn: 3.33eV.
Eq. @) into Eq. () yields which is close to an experimental value of 3.14 ®\Also

1 bk 50, thg binding energy of an £molecule calculated in this work,
V= 5 [Estab(Nsn, No) —Nsntisng, + (2Nsn—No)Hg . E, 24 = 5.32 eV, is close to the result from experiment of 5.2

(3) evhl



FIG. 1. (Color online) Unit cell and atomic positions of bulk
SnG. Grey (large) circles indicate tin atoms, while oxygen asom

are shown as red (small) circles. OR \- )
B sy e ™ ("
_ A . SN ~ S
X7 A M T X Rz0o 2 4
I1I.  BULK TIN DIOXIDE 1
DOS[eV-f.u.]
A. Structure and energetics FIG. 2. (Color online) The QP band structure fSnG, as cal-

culated within the LDA% scheme (dotted lines) is compared to the

In the bulkrt unit cell (cf. Fig.1), each tin atom is coor- !—ISE+C§@N0 results (solid lines) of Ref..1.7. The valence-band max-
dinated to six oxygen atoms and each oxygen atom to thrglUm is used as energy zero. In addition, the angular-mament
tin ions. Tin ions are located at (0, 0, 0) and (0.5, 0.5, 0.5);‘330'\’60! DOS, calculated using the LDAscheme, is given in order
and the coordinates of the oxygen atoms (e, u, 0) and o describe the atomic origin of the respective states.
(0.5+u, 0.5Fu, 0.5) in units of the crystal axé$.

The total energy, the lattice parametersindc, and the
bulk modulusByp (as well as its pressure derivatiBg) are ) 17 _
obtained by fitting the dependence of the total energy on th&P calculationg = 3.61 eV). " Hence, the difference to the
volume to the Murnaghan equation of stéteThe resulting  experimental value of 3.56 €&/ amounts to 250 meV. This
optimized structural and elastic parameters (see THhdx- deviation is a remarkable improvement over the DFT-LDA re-
hibit minor variations with respect to similar calculat®h  sult that is as small a&g = 1.03 eV, a value that DFT-GGA
due to the slightly modified cutoff energy akepoint sam-  (Eg = 0.69 e\A®) does not improve on.
pling. The comparison to a DFT-GGA calculatiSrshows
the well-known tendency of underbinding of the GGA with
respect to the LDA® The lattice parameter(c) calculated in
this work is approximately 0.A (0.4A) smaller than the re-
sult obtained using the GGX. Even though the comparison
with measured valué$->7-2.63ndicates excellent agreement
for a, u, andBy, the small overestimation afby about 0.5%

Also with regard to the band width and dispersion of the
uppermost valence bands the HEgW, and the LDA—% ap-
proximations agree well: The deviation of the QP energy of
the highest valence bands is 0.32 eV atZhgoint of the BZ
and the deviation of the highest valence bands in the energy
range between-2 and 0 eV is smaller than 200 meV. In addi-
within DFT-LDA is surprising. tion, the band width of the uppermost valence band complex

As can be seen from Tablethe total energy of bulk SO~ 'S 7.3eV (LDA)or8.3eV (HSEGOV\_/O)’ whereas the ultra-
calculated in this work is lower than a GGA red@land we  Violet photo-electron spectroscopy gives about 9°¢¥The

obtain also a larger cohesive energy. This agrees with thBOSition of the Snd and O3 states (not shown in Fig)

well-known tendency of the LDA to overbirfi. was found to be around 2 eV too high in LD%A- However,
since we are interested in surface states inside the fungame

tal gap of the bulk, the deviations of the LD%S\results aten-
ergies even lower than2 eV below the valence-band maxi-
mum (VBM) are not expected to strongly influence the surface

states in the bulk fundamental gap. We find that the lowest

In the following, we compare HSESW results” for the | pa”1 conduction bands are 0.3 eV below the HSBW
band structure and the density of states (DOS), that havep bgndsa‘f but about 1.3 eV lower at the BZ boundary.

been successfully used to explain the electronic struaifire

rt-snQ, to the LDA-% results for the bulk material (see  Overall, the LDA% approach yields satisfying results at
Fig. 2). The states that form the fundamental gap have thenuch lower computational cost (with respect to H&gWp),
same atomic origin in both cases: while the uppermost vaeven though the agreement with the QP scheme is not per-
lence bands are mainly of p2Zype, the lowest conduction fect. Since the valence band width is only slightly more
bands show a strong Ss &nd Sn P character. Figur@ also  underestimatei¥ and the band gaps are in reasonable agree-
shows that the fundamental gap calculated within the @A- ment, we use this method to investigate electronic progeerti
schemefg = 3.30 eV, is about 0.3 eV lower compared to the of surfaces in this work.

B. Electronic structure



TABLE I. The lattice constanta andc (in ,&), the dimensionless parameteys andu, the bulk modulu8 (in GPa) and its pressure derivative
Bf, as well as the total enerdﬁ{?&‘l% and the cohesive ener@qn (in eV) per formula unit are compared to a DFT-GGA work andezkpent.

a(A) c(A) c/a u B (GPa) B EoiZ (€Y)  Egon(eV)
This work (LDA) 4732 3.201 0.6764 0.306 215 47 —21.106 17.75
Expt. 4. 74cdef 3.1gcdef 0.67Fcdef 0.302d 205 7. - 15.8
Theory (GGA) 4.824 3.23¢ 0.6718 - 179 5.08 ~18.93¢ 16.0%

2 Ref. 3

b value cited in Ref. 18
¢ Ref. 62

d Ref. 63

€ Ref. 57

f Ref. 6

9 Ref. 18

) . ) following this will be investigated for the different sudes.
TABLE II. Displacements (imd) of atoms (calculated as the differ-

ence between the Cartesian coordinates of the relaxedpositions
and the ideal ones) in the different layers of the relaxethsas. Due
to the symmetry of the slabs the displacements of the atoensrdy 1. (001) surface
given for the upper surface (for the other side, these vaueequal,

but the sign is reversed). For tieoordinate, a positive sign refers

to a displacement of the atom in the direction of the vacuum. The non-polar and stoichiometric (001) surface is a type-

| surface and we describe it using an 11-layeg:83, slab.
Surface  First layer Second layer Third layer Each surface unit cell (area= a? = 22.39 A?) consists of
(001)ng, Sn (0.01,0.01,0.10) Sn (0.00,0.00,0.40) Sn (0.01,0.7)0. one formula unit of SN@ hence, we denote this surface as

0 (-0.09, 0.10, 0.42) O (-0.02, -0.02, 0.20) O (-0.02, 0.038p ) : :
0(0.10,0.09,0.42) ©(0.04,0.04.0.20) O (0.03, -0.02,10.28 SnQ-terminated. The two oxygen atoms in eackx () cell

(100 O (0.28.0.30.0.19) Sn (0.06, 0.00, 0.04) are twofold coordinated, in contrast to the bulk situatidhe
(100%, Sn (0.16, 0.00,0.18) O (0.02, 0.00, 0.17) coordination of the Sn atom in the first atomic layer is reduce
(110  0(0.00,0.00, 0.05) Sn (0.02, 0.00, 0.17) to four: there are two bonds to oxygen atoms in the same plane
Sn (0.00, -0.35, 0.17) and two bonds to O atoms in the plane underneath [see Fig.
0(0.02, -0.07, 0.18) 3(b) and (c)]
0(0.02,0.02,0.17) "
(110)n0 O (0.01,-0.04, 0.19) O (0.00, -0.03,-0.03) O (0.0, 0.0,69.0 The atoms in the uppermost surface layers relax towards the
Sn (0.00, 0.00, -0.12) outside of the material, starting from their bulk positiobsie
(s) ((()(',03’1-0605’30618%) to the different displacements of Sn and O atoms in normal di-
(11050 O (0.03, 0.06,0.11) ~ O (0.00, 0.00,0.02) rection, all the layers are buckled. In add|t|(_3n to this malt_
SN (0.00, 0.11, 0.01) displacement, the oxygen atoms are also shifted perpdadicu
Sn (0.03, 0.02, 0.03) to the surface normal (cf. TablE). As a consequence of these

(111ky Sn (-0.03,0.02,0.16) O (0.00,-0.02,0.12) O (0.01,-0.088D relaxations, the Sn-O bond lengths are reduced by A .add
0(0.03,-0.04,0.18) the second-nearest-neighbor O-O distances increase By 0.1
Sn (0.08,0.09,-0.02) & gt the surface. These effects are explained by the opposite
ion charges of the one tin ($h) and two oxygen (&) atoms
in the unit cell of the uppermost surface layer and the corre-
IV. SURFACES OF SnO,: STRUCTURE AND sponding Coulomb attraction or repulsion. The relaxatibn o
ENERGETICS the surface reduces the surface engrgy 35 meVA?Z.

A. Structural relaxation

As explained in Sed, tin has two stable ions, $h and 2. (100) surfaces

Srft. In bulk SNQ, Sn is four times positively charged. Due

to the removal of oxygen atoms in order to form a surface, The non-stoichiometric type-l Sn- and O-terminated (100)
this number is changed. Hence, there is a tendency either gurfaces (cf. Fig3) are symmetry-equivalentto the (010) sur-
regain the Sht state, or, in most cases, to form%nions  faces (cf. Fig.1) and the distance of two adjacent Sn layers
in the surface region. This can be achieved by the transfeamounts toa/2. The oxygen layers in between have a dis-
of electrons from the tin dangling bonds into an oxygen 2 tance ofa(0.5— u) anduato the Sn layer above and under-
orbital near the surface. However, this might be a drivimgéo  neath, respectively. The 11) unit cell contains one atom in
for the displacement of the atoms near the surface and in theach layer and the symmetric irreducible part of the mdteria
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(@) (001)ss0, from (001)

(d) (100)o from (001) (e) (100)o from (100)

|

(h) (110)o from (100)

(K) (110)s1,0 from (100)

(0) (111)sy from (010)

(m) (111)g, from (001) () (111)sy from (100)

FIG. 3. (Color online) Unrelaxed atomic geometries of théemes studied in this work: (a)—(c) (0&hh,, (d)—(f) (100, (9)— (i) (110,
()= () (110)sn,0, and (m)—(0) (1119, For each orientation, the projections on the three divest{001), (100), and (010) (in direct coor-
dinates of the supercell) are shown. The 2B {} surface unit cells and the entire slabs are indicated ibysttlid lines. Blue (large) circles
indicate tin atoms, while oxygen atoms are shown as red (soialles. The dashed lines indicate which layers have teebeoved in order

to form the reduced surfaces. The brackets mark the symsiregducible parts of the slabs.
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slab in the direction of the surface normal consists of gjx la al.18 within DFT-GGA, the values differ by less than 0.81
ers: Sn-0O-0O-Sn-0-0 [cf. Fig(e) and (f)]. However, the values calculated by Maki-Jaskari and Rantal
In the case of the (10@)surface one bond at an O atom are higher by approximately 25 %. This might be an effect of
and one at a Sn atom are broken in the first two layers, hencae,different number of non-valence electrons for the tin aom
the oxygen atom in the first layer is twofold coordinated andand a different type of pseudopotenti&fs.
the Sn atoms in the second layer are fivefold coordinated. We Removing the uppermost rows of oxygen atoms leads to the
use a SgO01g slab consisting of four irreducible parts Sn-O- (110)snosurface with an outermost plane consisting of two tin
0-Sn-0-0 and one additional oxygen layer at the bottom aand two oxygen atoms. The existence of this reduced surface
well as one additional Sn-O layer at the top in order to obtairis strongly supported by early Auger measurenf@tsand
a symmetric slab. its atomic geometry has been previously proposed by other
When the topmost and lowest oxygen layers are removeduthors’* We use four additional triple layers [with respect to
the resulting (10Q), surface becomes tin-terminated. While the SnoOy slab discussed for the (1i93urface above], i.e.,
in this case all oxygen atoms possess the same coordinatienSngOz4 slab, to improve the accuracy of our surface mod-
as in the bulk, the first-layer tin atoms are threefold coordi eling. In the surface unit cell, there are one fivefold and one
nated. As a consequence only?Srions occur in the upper- fourfold coordinated Sn atom and two oxygen atoms that ex-
most layer. We use a non-stoichiometrieSmg slab that con-  hibit a bulk-like threefold coordination. Hence, three Smd
tains 25 atomic layers to model this surface. gling bonds occur with a total number of two electrons which
Apart from small lateral atomic displacements, the outerimay form a lone pair in one of these dangling bonds. The Sn
most two atomic layers move outward from the material slaatoms in the plane show different displacements due to their
during the relaxation (cf. Tabld). Our results are in quali- different original coordination. While the fivefold coordited
tative agreement with those of Du&hwho only investigated ~Sn atom and the two oxygen ions of the first layer are shifted
the oxygen-terminated surface. outwards, the fourfold coordinated Sn atom is moved towards
the bulk. The oxygen ions of the second and third layer are
also moved inwards. However, similarly to the (stoichiomet
ric) (110) surface, the outward relaxation given in Tablés

3. (110) surfaces smaller than those calculated by other authors but using sim
ilar methods?%-28 Unfortunately, Duatf did not discuss this
Even when restricting to unreconstructed surfaces anaurface'

When the high-density (Sn@plane is also removed, an
noxygen—terminated surface with two uppermost O layers re-
mains (not shown in Fig3). In our total-energy calculations
this surface turned out to be rather unstable, hence, we will
not further discuss it.

(1x1) unit cells (aredh = ac/2), a variety of different (110)
surfaces exists depending on termination and oxygen cbnte
Two of the most stable on&&2028.2%re depicted in Fig.
3. A bulk-derived slab in this direction consists of neutral

fsi llel pl O-8,-0-0-Sn0,-0 .g.
groups of six parallel planes O-§i0; RO Olseee.g Bergermayer and Tanakahave recently suggested a fur-

Fig.3(h) and (i)]. ST
r stabilization of the (11@)o surface due to removal of
The cleavage cut between these groups of planes breaks tm\iry second in-plane oxygen atom [cf. Faj), (k) and ()].

smallest number of cation-anion bonds and leads to the stq- i i | idal t of Sn with th
ichiometric (110 surface. Despite the oxygen termination n this case, a trigonal-pyramicai arrangement ot sn wi

[see Fig.3(h)], the total dipole moment of the triple layer in chance for a lone-pair localization occurs. The correspund
the (1x 1) cell vanishes, therefore, this surface is of type “'surface unit cell contains two threefold coordinated Sn and

We model it by using an orthorhombic &2 slab with five one threefold coordinated O atom. However, there are only
triple layers, i.e., 15 atomic layers Thefirsiooxygenl ~minor displacements due to the ionic relaxation: the tinmato
sists of rows' of s’ingly coordinated ‘bridging’ O atoms isn 100 remaining in the topmost atomic layer is shifted in lateiial d

direction [cf. Fig.3(h) and (i)]. The tin atoms of the second rection such that the distance between one tin atom and the
atomic layer are inequivalent since they are either sixéwld remaining oxygen atom is increased by OA.FFurthermore,

fourfold coordinated. Together with the two dangling bondsSimilar to Fhe (1103nosgrface, the oxygen atom from the sec-
of the first-layer O atoms, four dangling bonds appear Withond atomic layer is shifted up towards the first atomic layer.

a total of four valence electrons. The two Sn atoms have no

chance to form Sh™ or Sr#* ions in the unrelaxed surface.

Therefore, significant atomic displacements are observed f

the second (Sn@)ayer to modify the coordination, while the 4. (111) surfaces

oxygen atoms in the first layer are influenced less (see Table

II). The most remarkable effect is a vertical shift of the entir ~ Because of the differences of thenda axes of the rutile
(SnO) layer towards the vacuum, nearly leading to a@n  structure, the (111) surfaces have a more complex atomic ge-
layer. In addition, we observe a lateral shift of one Sn atonometry. The bulk-derived 2D Bravais lattice is oblique ame&l t
parallel to the [010] direction. Overall, the atomic relagas  (1x1) unit cell represents a strongly distorted hexagon with
lead to more or less sixfold coordinated Sn atoms and twan angle of about 1081n model calculations this surface has
threefold and one twofold coordinated O atom. These rebeen found to be the second most unstéblelere, we fo-
sults agree well with the displacements calculated by Batan cus on the Sn termination, i.e., the topmost layer is formed b



TABLE IIl. The surface energieg (in J/n?) of three stoichiometric

0 = 2 -3 -4 -5 -6 low-index SnQ surfaces as calculated using different XC functionals
(LDA, GGA, and B3LYP) or model potentials are compared. The
values of Ref. [29] are derived from Fig. 1 in that paper.

Surface  Thiswork LDA GGA B3LYP ionic potentials
2 = (110p 1.435 144 1.03%, 1.3, 1.0 1.20 1.380
> = (100) 1568 1.60 1.128 114  1.27 1.664
= & (001kno, 225 222  1.7%, 184 1.84f 2.3660

aRef.[29] PRef.[18] CRef.[28] 9Ref.[74]
eRef. [75] fRef.[25]  9Ref.[73]

SnG, and the stoichiometric (004,o, surface is much higher
in energy (cf. Fig4).

Under O-poor or Sn-rich preparation conditions for which
Ho — 3EZY < —2.0 eV [uo — 3EQ° < —2.7 eV], the re-
FIG. 4. (Color online) The surface energyin eV on the left axis  qyced (160% [(110)sn,0] surface becomes more favorable.
and in J/nf on the right axis) of the low-index surfaces of SNO The (111}, surface is found to be the most unstable one in
is given as a function of the O and Sn chemical potential. The Othe entire range of preparation conditions. The phase dia-

chemical potential is given with respect to the binding gpef the S o . .
oxygen molecule and the Sn chemical potential with respethe gramin Fig4is in qualitative agreement with that Afoston

total energy (per atom) af-Sn. For theB-Sn phase the axis has to 2Nd Albe?® The fact that under oxygen-rich conditions the

be shifted by 0.71 eV towards higher chemical potentigls oxygen-terminated (118)and (100p surfaces are the most
stable ones is in accordance with experimental findtags

and other calculation$

rows of Sn ions. They are separated by a horizontal distance A comparison of the surface energies calculated in this

of 5.4 A [see Fig.3(m), (n), and (0)]. In-between these rows work to re_sults o_f other calculations is given in Talilefor o

of Sn atoms lower layers of O appear which are bonded téhe stoichiometric surfaceg. The sequence of the eneigies i

the topmost surface atoms. The tin ions of the surface exhibindependent of the approximation used. The agreement with

three dangling bonds due to a reduction of the coordinatio@nother calculation using LDRis excellent as the results dif-

number. The oxygen atoms in the second layer are twofolder by less than 0.1 eW. Within the GGA the resulting en-

coordinated. However, the vertical distance between tbe se €rgies are somewhat small’@r?&74’755urpnsmgly, also the

ond and the third atomic layer is only 0&2 The tin ions of resm_JIts_ obtalneq by total energy c_alculat|ons based onrémpi

the third atomic layer are fivefold coordinated and the corre cal ionic potential® are rather similar to those from the LDA.

sponding oxygen atoms twofold. In total there are four Sn and "e non-local XC functional B3LYP gives rise to surface en-

one O dangling bonds in the surface unit cell. These danglin§'9y values in-between those from LDA and G&A.

bonds generate four electrons which can lead to two bonds or

lone pairs.

In this work we study a SpOs; slab. All atoms of the V. SURFACES OF SnG: ELECTRONIC STRUCTURE

first three layers relax towards the vacuum, while the Sn ion

of the third row remains quite unchanged. For all atoms, the |n the previous section we described that there is a tendency

displacements perpendicular to the surface normal ardemmal to form Srt™ or St ions in the vicinity of the surface by

than 0.1A. The displacements in direction of the surface nor-transferring electrons from tin dangling bonds into ates

mal (cf. Tablell) are in qualitative agreement with those de- of oxygen atoms near the surface. In the following, we will

rived by Duan'® show that these filled ORorbitals form surface states inside
the fundamental band gap resulting in an insulating belavio
of the surface.

B. Surface stability

To study the relative stability of the surfaces with diffiere A. (001) surface
orientation and termination we plot the surface energy, Eq.
(3), versus the chemical potential of oxygqxg”OZ, in Fig. The band structure and the DOS of the (@f&) surface is

4. From this figure it becomes clear that in a wide range ofdisplayed in Fig5. All the electronic states in this symmetric
preparation conditions the stoichiometric, oxygen-teiatéd  slab are are twofold degenerate; the splittings due to wesid
(110 and (100) surfaces are the most stable ones. Theguantum confinement in the material slab at fhpoint are
energy difference between these two is small, however, themaller than 0.1 eV.

(110) surface can be identified as the cleavage face -of Figure5(a) clearly shows pronounced surface bands in the



B. (100) surfaces

Also in the case of the stoichiometric oxygen-terminated
(100), surface two occupied surface bands appear, as can be
seen from Fig6(a). They are located at about 0.2 eV above
the bulk VBM along theX —M line. In addition, Fig6(c) con-
firms that charge is transferred from the Sn dangling borad int
one O dangling bond and, hence, this leads to a lone pair at
each first-layer oxygen atom. This uppermost surface sate i
formed by in-plane O @ orbitals in the first atomic layer and
O 2p orbitals in the third layer. Surprisingly, the fivefold ceor
dinated Sn ions in the second atomic layer do not contrilaute t
bound surface states. The occurrence of these occupied sur-

Energy [eV]

Sl X M o0 102030 face states confirms earlier calculatibhand there are also
DOSJ Vlf ] experimental indications for such a surface state.
(a) eyt In the case of the reduced, non-stoichiometric Sn-

terminated (10@Q), surface the band structure is completely
different [cf. Fig.6(b)]. There are two types of surface band
states in the fundamental bulk band gap: (i) an occupied band
with strong dispersion (band width: about 1.5 eV), and (i) a
empty band of resonant surface states along the BZ boundary.
The DOS of the occupied band exhibits a significant constant
contribution which is related to the nearly parabolic paifts
the surface bands in the projected gap. Its van Hove singu-
larity nearl” leads to a peak almost 1 eV above the VBM.
The DOS indicates that the occupied surface band is built by
Sn5 and O D states. Figuré(d) indicates that these states
are localized in the first Sn and second O layer.

C. (110) surfaces
FIG. 5. (Color online) In (a) the band structure and DOS of the

(001)%nq, surface, calculated using the LD%\scheme, is compared The band structures and DOS of the O-, SnO- anglSn
to the projected bulk bands (shaded area). The Fermi levidlis terminated (110) surfaces are displayed in Figa), 7(c) and
cated as blue dashed line. The energy scales of slab and otk b 7(e). In the case of the oxygen-terminated (ll@)rface
structures are aligned via the electrostatic potenffalBhis proce- ) SR . Y9

there are similarities with the band structure of (kO(f.

dure allows to use the bulk VBM as energy zero. In (b) the sguar -
of the wave-function of the empty surface band statd fthe corre- 9. 6(a)]. Surface-state bands only appear close to the bulk

sponding state is marked by the arrow in ()] in the fundaaieggp ~ band edges and indicate an insulating surface with a surface
is plotted. The yellow isosurfaces represent same prdtiabil gap of about 1.8 eV nedr. The uppermost occupied surface
band is mainly built by in-plane Oorbitals localized at the
bridging O atoms in the first atomic layer, as clearly demon-
strated in Fig7(b). These states result, like in the case of the
(100) surface, from dangling bonds of the topmost oxygen
projected fundamental bulk gap: Besides the two oxygenlayer.
derived occupied bands in the lower part of the fundamental The surface band close to the projected bulk band struc-
gap near theM point, there is an empty surface band with ture is mainly composed of Sisand Sn % states. The ex-
rather strong dispersion which is mainly composed of Sn 5istence of these surface states was also reported by tHuan,
states [see Fig5(b)]. In order to visualize the orbital and Maki-Jaskar?® and Rantal&’ based on DFT-GGA calcula-
symmetry character of these, the square of the wave functiotions. By means of PES, Cékand Themlig® measured this
of the empty surface band states at the surface BZ cofrier  SnSand Sn P derived surface-band whose states are located
plotted in Fig.5(b). at the SR* ions.
The (11030 surface exhibits an extremely dispersive sur-
Since all surface bands are either fully occupied or emptyface band in the projected fundamental gap [cf. FiE)]
the surface is insulating and this indicates that there Ishou which is crossed by the Fermi level near tepoint of the
be no driving forces for surface reconstruction. Howevss, t BZ. For that reason, a few bulk-like conduction-band states
existence of oxygen-derived occupied surface bands itefica in the slab center are occupied with electrons. However, it
the transfer of electrons from the tin dangling bonds int® th is not clear, whether this effect is real or merely a conse-
oxygen 2 orbitals as explained in Seld/ A. guence of the LDA% approximation to XC. This dispersive
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FIG. 6. (Color online) The band structure and DOS of the (4@rface (a) and the (10§)surface (b), calculated using the LD%Ascheme,

is compared to the projected bulk bands (shaded area),ctegbg In (c) and (d) the squares of the wave-functionshef highest occupied
surface band states Bt in the fundamental gap are plotted [the corresponding satearked by the arrow in (a)]. The yellow isosurfaces
represent same probabilities.

band is mainly formed of both Sn (mainly in the first layer) D. (111) surface
and O states (mainly in the second atomic layer). The result-

qualitative agreement with pseudopotential calculati®  the pathr —X —Y’—Y —T" across the BZ of the oblique Bra-
although they are influenced by the DFT gap underestimationyjs |attice52 This surface exhibits three surface bands in the
fundamental bulk band gap [cf. Fi§(a)] that are all valence
The electronic structure of the (1&3)o surface [cf. Fig. bands. The main contributions to the formation of these band

7(e)] shows two rather dispersive surface states in the fundarise from the Snions of the topmost laysstates) and the O
mental bulk band gap that are formed of Smfd Sn pstates  ions of the second atomic layep gtates) and, hence occupied
as well as some small contributions from the Ps2ates from  dangling bonds form the surface bands. This can, again, be
the O ions in the first and second atomic layer. The plot of thexplained by a charge transfer from Sn dangling bonds into
wave function of the occupied surface state with the highes® 2p orbitals as explained before. This picture is confirmed
energy at thévl point of the BZ [see Fig7(f)] shows that this Py the plot of the wave function in Fig(b) and similar sur-
state is localized mainly at the Sn atom in the direction ef th face states have been reported by Dtfan.

removed O atom. This indicates that the dangling bonds of

the Sn ions, that are caused by the removal of the surface O

atom, strongly contribute to the formation of the surfaceca E. lonization energies and electron affinities

The energetic position of the Fermi level is above these sur-

face states. Hence, the surface band states are occupied and’ he ionization energy and electron affinityA are cal-

the surface is also insulating. The dispersion of thesed&nd culated as differences between the band edges of the bulk
in accordance with GGA calculations by Bat?ill. electronic structure and the vacuum level from the slab
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Energy [eV]

(110)sn,0

T X M " T012345

FIG. 7. (Color online) The band structure and DOS of the ($)rface (a), the (11@)o surface (b), or the (11@),0 surface (c), calculated

using the LDA% scheme, is compared to the projected bulk bands (shade)l] aespectively. The wave-functions of the highest ocatipie
surface band states ¥t(b) or the pronounced surface bandva{(d) and (f)] are plotted as yellow isosurfaces of the sanobabilities [the
corresponding states are marked by the arrows].

calculation’® The alignment of the energy scales of the twothat the relaxation of the surface atoms significantly infles
calculations is done by the electrostatic potential, ayetla the results. For instance, in the case of the (83 )surface
over the plane parallel to the surface and plotted in perigend the barriel for the electrons is increased by 0.8 eV compared
ular direction (see, for instance, Ref. 30 for details). bhed  to the unrelaxed surface. The reason for this large incrisase
edges of the bulk band structure are taken from HS§\, the relative shift of the Sn and O ions at the surface thatesea
calculations-’ a surface dipole.

The resulting ionization energies and electron affinities a In addition, it is remarkable that for the O terminated (100)
well as their dependence on the surface orientation and tesurface, the values fdrandA are by up tox~ 2.1 eV larger
mination are summarized in TalM. We want to emphasize, than those for the Sn terminated one. This is caused by the



ro

I I
5101520

FIG. 8. (Color online) In (a) the band structure and DOS of the
(111)sy, surface, calculated using the LD%\-scheme, is compared
to the projected bulk bands (shaded area), respectivelyb)lthe
square of the wave-function of the uppermost valence baNdigt
plotted as isosurfaces representing the same probabflitie corre-
sponding state is marked by the arrow in (a)].

(=]

W

Electrostatic Potential [eV]

15

20

z [A]

FIG. 9. (Color online) The perpendicular to tlkalirection plane-
averaged electrostatic potentials for the two terminatimfrithe (100)
surface. The Plots are aligned with respect to the vacuusi, lthe
difference in the surface barriers between the oxygen- hadih
termination is indicated.
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TABLE IV. lonization energie$ (in eV) and electron affinitieA (in
eV) of the surfaces investigated in this work. Values froni. B8,
calculated for unrelaxed surfaces, are given for compariso

Surface I (eV) A(eV)
This work Ref. 30 This work Ref. 30

(00D sng, 8.08 7.08 4.45 3.45
(1000 9.62 5.99

(100)sp, 7.57 7.73 3.94 4.10
(1100 7.65 4.02

(110sno 7.30 3.67

(110sn,0 8.07 4.40

(11Dsp 7.72 4.09

larger surface dipole in case of oxygen termination. In Fig.
9 the electrostatic potential averaged over planes perpendi
ular to thez direction is shown for both terminations of the
(100) surface. It becomes clear how the different surface ba
riers emerge from the different energetic distances betwee
the bulk-like states (minima of the potential) and the vaauu
level. The influence of the termination is much smaller for
the (110) surface (cf. Tabl¥') due to the lower polarity of the
(110) face. There is no complete cationic Sn layer but a SnO
layer with lower polarity, which decreases the surface kéipo
compared to the (100) surface which has well separated Sn
and O layers.

The results in Tablév cover a wide range df andA val-
ues characterizing the different surface barriers with\aar-0
all variation of 2.32 eV induced by different surface oreent
tions and terminations. Previously computed values foeunr
laxed Sn@ surface?’ show that there is an increase of 1 eV
of the surface barriers of the (O&hky, surface, which is simi-
lar to our finding of 0.8 eV. In the case of the (1g®urface,
the values for the unrelaxed atomic geometries are 0.16 eV
higheP? than those that we computed. This might be caused
by the outward relaxation of the topmost atomic layers which
decreases the surface dipole. Except for the values ctddula
from flat-band measurements on Srelectrolyte interfaced
(without information on orientation or termination) théseno
experimental data for comparison.

VI. SUMMARY AND CONCLUSIONS

In this work we used density functional theory within the
local density approximation to calculate the total enexgied
relaxed atomic geometries of unreconstructed low-index su
faces of Sn@ with different orientations and terminations.
We found that substantial atomic relaxations tend to passiv
surface dangling bonds due to the formation of lone pairs in
oxygen-derived states, in order to form the stable iomsiti
Srtt and S®* in the surface layers. Atoms in the first layer
tend to move outward from the surface. Only in the case of
the O-terminated (110) surface the second (Sr@)er is dis-
placed stronger, leading to a separate layer with the upgsrm
oxygen atoms. We found the oxygen-terminated stoichiomet-
ric (100 and (110p surfaces to be the most stable ones in a
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wide range of preparation conditions. Only under an extreméace orientation and termination. We calculated variatioh

oxygen deficit the (10@), surface or the (11@),0 surface be-
come energetically more favorable.

In addition, we use the LDA% scheme to approximately
simulate the QP excitation effects for the calculation & th
electronic structure of the different surfaces. The tegéor

complete filling or emptying of the surface states leads {o in

sulating surfaces with surface gaps. Only for the ($1@3%ur-
face the situation is not completely clear due to strongeserf

the ionization energy and electron affinity of about 2.3 eV be
tween the (11Q)0and (100) surfaces.

ACKNOWLEDGMENTS

We thank J. Furthmdller and J. B. Varley for helpful and
interesting scientific discussions. Support from the Ger-

band dispersion. More detailed studies with a more sophisman Federal Government (BMBF Project No. 13N9669)
ticated treatment of the QP effects are needed to claris/ thiand the Austrian Fond zur Forderung der Wissenschaftliche

point.
The different surface orientations, terminations, atogeic

Forschung in the framework of SFB25 Infrared Optical
Nanostructures is gratefully acknowledged. Part of thiskwo

ometries, and electronic structures modify the macroscopiwas performed under the auspices of the U.S. Department
surface dipole. As a consequence, the surface barriers faf Energy at Lawrence Livermore National Laboratory under
electron emission and escape vary significantly with the surContract DE-AC52-07A27344.

* sebastian.kuefner@uni-jena.de

1 D. s. Ginley and C. BrightMIRS Bull. 25, 15 (2000)

2 E. Fortunato, D. Ginley, H. Hosono,
MRS Bull. 32, 242 (2007)

3 J. Haines and J. M. LégdPhys. Rev. B55, 11144 (1997)

4 A. A. Bolzan, C. Fong, B. J. Kennedy, and C. J. Howard,
Acta Crystallogr. B53, 373 (1997)

5 A. Klein, C. Korber, A. Wachau, F. Sauberlich, Y. Gassen-28 M.

bauer, S. P. Harvey, D. E. Proffit, and T. O. Mason,
Materials3, 4892 (2010)

6 M. Batzill and U. Diebold Prog. Surf. Sci79, 47 (2005)

7 M. Batzill, Sensors, 1345 (2006)

8 7. Q. Li, Y. L. Yin, X. D. Liu, L. Y. Li, H. Liu, and Q. G. Song,
J. Appl. Phys106, 083701 (2009)

9 P. A. Cox, R. G. Egdell, C. Harding, A. F. Orchard, W. R. Patter

son, and P. J. Taven@&plid State Commuri4, 837 (1982)

and D. C. Paine,

ton, Phys. Rev. B52, R7775 (2000)
25 A, Beltran, J. Andres, E. Longo,
Appl. Phys. Lett83, 635 (2003)

and E. R. Leite,

26T T. Rantala, T. S. Rantala, and V. Lantto,
Surf. Sci.420, 103 (1999)
27T, T. Rantala, T. S. Rantala, and V. Lantto,
Mat. Sci. Semicon. Pro@, 103 (2000)

A. Maki-Jaskari and T. T. Rantala,

PhyS. Rev. B34, 075407 (2001)
29 p Agoston and K. AlbeSurf. Sci.605, 714 (2011)
30 B, Hoffling, A. Schleife, F. Fuchs, C. Rodl, and F. Bechsted
Phys. Rev. B85, 035305 (2012)
1. G. Ferreira, M. Marques,
Phys. Rev. B78, 125116 (2008)
32 p Hohenberg and W. Kohhys. Rev136 B864 (1964)
33 W. Kohn and L. J. ShanPhys. Rev140, A1133 (1965)

and L. K. Teles,

10 p. Cox, R. Egdell, C. Harding, W. Patterson, and P. Tavener3* D. M. Ceperley and B. J. AldePhys. Rev. Lett45, 566 (1980)

Surf. Sci.123 179 (1982)

11 M. E. White, O. Bierwagen, M. Y. Tsai,
J. Appl. Phys106, 093704 (2009)

12 ¢, Kilic and A. ZungerPhys. Rev. Lett88, 095501 (2002)

13 J. RobertsonRep. Prog. Phy$9, 327 (2006)

14 4. Peelaers, E. Kioupakis,
Appl. Phys. Lett100, 011914 (2012)

15 5, Lany and A. ZungeRhys. Rev. Lett98, 045501 (2007)

16 k. Reimann and M. Steube,
Solid State Commuril05 649 (1998)

17 A. Schleife, J. B. Varley, F. Fuchs, C. Roédl, F. Bech-
stedt, P. Rinke, A. Janotti, and C. G. Van de Walle,
Phys. Rev. B33, 035116 (2011)

18 . Duan,Phys. Rev. B77, 045332 (2008)

and J. S. Speck,

19A. Seko, A. Togo, F. Oba, and I. Tanaka,
Phys. Rev. Lett100, 045702 (2008)
20D, F Cox, T. B. Fryberger, and S. Semancik,

Phys. Rev. B38, 2072 (1988)
21\, Batzill, K. Katsiev, J. M. Burst, U. Diebold, A. M. Chakand
B. Delley,Phys. Rev. B2, 165414 (2003)
22 ¢ Korber, P. Agoston,
Sensors Actuat. B Chertt39, 665 (2009)
23 3. M. Themlin, R. Sporken, J. Darville, R. Caudano, J. M.ill
and R. L. JohnsorRhys. Rev. B2, 11914 (1990Q)

and A. Klein,

24 C. L. Pang, S. A. Haycock, H. Raza, P. J. Moller, and G. Thorn-#° A.

and C. G. Van de Walle,

35 J. P. Perdew and A. Zungdthys. Rev. B23, 5048 (1981)

36 G. Kresse and J. Furthmiillé?hys. Rev. B54, 11169 (1996)

37 G. Kresse and J. Furthmiill€€pmp. Mat. Sci6, 15 (1996)

38 p.E. Blochl,Phys. Rev. B50, 17953 (1994)

39 G. Kresse and D. JoubeRhys. Rev. B9, 1758 (1999)

40 H. J. Monkhorst and J. D. PacRhys. Rev. BL3, 5188 (1976)

4TW. G. Aulbur, L. Jénsson, and J. W. Wilkins, in
Advances in Research and ApplicatipnSolid State Physics,
Vol. 54, edited by H. Ehrenreich and F. Spaepen (AcademigsPre
1999) pp. 1-218.

42 £ Fuchs, J. Furthmiller, F. Bechstedt, M. Shishkin, and
G. KressePhys. Rev. Br6, 115109 (2007)
3 F Bechstedt, F. Fuchs, and G. Kresse,

Phys. Status Solidi 246, 1877 (2009)
44 A. Schleife, C. Rodl, F. Fuchs, J. Furthmilller, and F. Beetit,
Phys. Rev. B0, 035112 (2009)
45| . C. de Carvalho, A. Schleife, F. Fuchs,
Appl. Phys. Lett97, 232101 (2010)
46 C. de cCarvalho, A. Schleife,
Phys. Rev. B84, 195105 (2011)
473, Heyd, G. E. Scuseria,
J. Chem. Physl24, 219906 (2006)
48 J. Paier, M. Marsman, K. Hummer, G. Kresse, I. C. Gerber, and
J. G.Angyan,J. Chem. Physl25 249901 (2006)
Belabbes, J. Furthmdller, and F.

and F. Bechstedt,
and F. Bechstedt,
and M. Ernzerhof,

Bechstedt,



14

Phys. Rev. B34, 205304 (2011) 64 £ D. MurnaghanP. Natl. Acad. Sci. US/80, 244 (1944)
50 J.R. Leite and L. G. Ferreir®hys. Rev. A3, 1224 (1971) 65X. J. Kong, C. T. Chan, K. M. Ho, and Y. Y. Ye,
51 J. C. Slater and K. H. JohnsoRhys. Rev. B5, 844 (1972) Phys. Rev. B42, 9357 (1990)
52 £ BechstedtPrinciples of Surface PhysicgSpringer-Verlag, 66 J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jack-
Berlin, 2003). son, M. R. Pederson, D. J. Singh, and C. Fiolhais,
53 J. Neugebauer and M. SchefflPhys. Rev. B16, 16067 (1992) Phys. Rev. B46, 6671 (1992)
54 P W. Tasker). Phys. C Solid Statk2, 4977 (1979) 67 D.  Frohlich, R. Kenklies, and R. Helbig,
55 3. Goniakowski, F. Finocchi, and C. Noguera, Phys. Rev. Lett41, 1750 (1978)
Rep. Prog. Phy€/1, 016501 (2008) 68 R. Ramprasad, H. Zhu, P. Rinke, and M. Scheffler,
56 K. Reuter and M. SchefflePhys. Rev. B55, 035406 (2001) Phys. Rev. Lettl08 066404 (2012)
57 H. Landolt and R. BornsteirZahlenwerte und Funktionen aus % E. de Frésart, J. Darville, and J. Gilles,
Physik, Chemie, Astronomie, Geophysik und Techvit. 6 Solid State Commur87, 13 (1981)
(Springer-Verlag, Berlin, 1982). O E  de Frésart, J. Darville, and J. Gilles,
58 D.  Hobbs, G.  Kresse, and J. Hafner,  Appl. Surf. Sci.11/12 637 (1982)
Phys. Rev. B52, 11556 (2000) 71 5. Munnix and M. Schmeit®hys. Rev. B27, 7624 (1983)

59 D. R. Lide,CRC handbook of chemistry and physics: a ready-re-72 W. Bergermayer and . TanakAppl. Phys. Lett84, 909 (2004)
ference book of chemical and physical daBRC Handbook of 73 P. A. Mulheran and J. H. Harding,

Chemistry and Physics, 85th Ed (CRC Press, 2004). Modelling Simul. Mater. Sci. EndL, 39 (1992)

60 N. I. Medvedeva, V. P. Zhukov, M. Y. Khodos, and V. A. 7 E.R. Leite, T. R. Giraldi, F. M. Pontes, E. Longo, A. Beltrand
Gubanov,Phys. Status Solidi B60, 517 (1990) J. AndrésAppl. Phys. Lett83, 1566 (2003)

61 C. Kittel, Introduction to Solid State Physicgth ed. (John Wiley 7> J. Oviedo and M. GillanSurf. Sci.463 93 (2000)
and Sons Inc., New York, Chichester, 2005). 76 R. L. AndersonSolid State Electrorb, 341 (1962)

62 K. Ellmer, J. Phys. D Appl. Phys34, 3097 (2001) 7M. A. Butler and D. S. Ginley,

63 G. McCarthy and J. Welton, Powder Difft, 156 (1989). J. Electrochem. Sod.25 228 (1978)



